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Introduction
Nonlinear plasmonics brings the functionality of nonlinear optics, including wavelength conversion and switching, to the nanoscale [1] [2] [3] [4] [5] [6] . The goal is to obtain efficient light energy conversion or optical functionality at the subwavelength scale [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This is in contrast to conventional nonlinear optics, which typically requires phase matching over long distances or microcavities to obtain high conversion efficiency Gold is a promising nonlinear plasmonic material because it has relatively low losses along with a large nonlinear susceptibility, with χ For fast nonlinear processes (at the picosecond to subpicosecond scale), the interband transition in gold can provide three orders of magnitude larger χ (3) than for off-resonance wavelengths [31, 40, 41] . Past works exploring the nonlinear response focused on fundamental wavelengths resonant with the interband transition between the 5d and 6s-6p bands [40] [41] [42] . This requires incident wavelengths around 500 nm and emitted wavelengths at a third of this value (in the UV) for THG. A few works have reported on THG using ~1550 nm sources, which is approximately a third of the interband transition energy and therefore close to the resonance condition [14, 15, 35, 43] . Figure 1 shows schematically the three photon resonant processes for this wavelength range [21, 32] . This is a relevant wavelength range because of the connection to low-loss fiber-optic technology; for example, leveraging erbium-doped fiber amplifier based laser sources. It is important to distinguish the nearly instantaneous response required for THG from χ (3) enhancements that come from processes longer than the carrier thermalization, since those slower processes do not yield THG [29, 44, 45] . Three-photon photoluminescence is also a distinct process from THG since it involves carrier relaxation [32,46]. Recently, we probed the quantum tunneling limits of THG using a 100 fs 1570 nm source and obtained THG that could saturate the imaging CCD at only 40 ms acquisition time for the sample with optimized spacer layer thickness [35] . Intrigued by the large signal, here we investigate the wavelength dependence of the THG for the same system using a 22 ps pulse width laser to determine if interband transitions are playing a role in the strong response, and to map out the dispersion of this response (i.e., to resolve spectrally the interband contributions). Also, we use an analytic model for the dielectric function of gold in which contributions of the interband transitions are considered [21, 30] . This model agrees well with our experimental observations. It should be mentioned that this work is analogous to recent investigations of SHG of metals near the interband transition [47, 48] ; however, the third harmonic process is distinct for many reasons (including selection rules). Compared to femtosecond works, the picosecond pulses used here provide narrow spectral resolution. Figure 2 (a) shows a schematic of the gold nanoparticles over ultraflat gold film sample. The sample was prepared following the same method as in our previous work, selecting the gap spacing with highest THG [35] . This sample was chosen primarily for three reasons: 1) there was a good uniformity of nonlinear response due to the uniform gap size; 2) the plasmon resonance was away from the THG and fundamental wavelengths to separate interband enhancement from plasmonic enhancement; and, 3) the ultraflat substrate minimizes THG that arises from uncontrolled surface roughness. Briefly, an ultraflat gold film was prepared by evaporating 30 nm of gold onto silicon wafer at a rate of 1 Å/s and temperature of 200 °C. Promptly, the gold film was coated with a thin layer of optical epoxy (Norland Optical Adhesive 61) followed by a clean glass slide. The epoxy was cured by UV light for 5 min. The gold film was "stripped" from the silicon wafer, revealing the ultraflat surface of gold film. The ultraflat film, with average root mean squared roughness of 0.06 nm [49] , was used to minimize the nonlinear contribution from surface roughness. To fabricate a self-assembled monolayer (SAM) of 3-amino-1-propanethiol hydrochloride (739294, Sigma-Aldrich) on the fresh ultraflat gold film, 1 mM solution of the alkanethiol was prepared in ethanol. A SAM layer was formed by immersing the ultraflat substrate into the alkanethiol solution for 18 h, followed by sonication for 2 min and rinsing with ethanol for 15 s. The process of sonication and rinsing was repeated four times. Finally, the substrate was dried using nitrogen gas. 60 nm diameter gold nanoparticles (BBI) were immobilized electrostatically on top of the SAM by incubating the substrate with 500 µL of the colloidal stock for 30 min followed by rinsing with deionized water (USF Elga, Maxima, model Scientific MK3, 18.2 MΩ-cm) for 15 s and drying with a steam of nitrogen gas. Figure 2(b) shows a scanning electron microscopy image of a typical sample that confirms a uniform distribution of gold nanoparticles over the film. This image was taken from a high density area of nanoparticles near the edge of the sample, which accumulate due to the drying process. The region where optical measurements were made had a nanoparticle density of 30 ± 5 per 100 microns squared, as confirmed by scanning electron microscope characterization. The linear optical properties of the sample were studied by taking the dark field scattering spectrum, using the same method as our previous work [35] . However, the setup was modified to cover both visible and near-IR regions; here the scattered beam from the sample was directed to a visible spectrometer (QE65000, Ocean Optics) and a near-IR spectrometer (NIR-512, Ocean Optics) using a bifurcated fiber (QBIF400-VIS-NIR, Ocean Optics). The normalized spectrum, for each region, was obtained by subtracting the spectrum of a blank ultraflat film from the sample's spectrum and dividing it by the white light source spectrum. Figure 2(c) shows the combined normalized scattering spectrum of the sample with a plasmonic resonance at 774 nm. It is important to note that there is no plasmonic resonance observed in the fundamental region as well as the THG region (within the limits of our detection system).
Experimental setup
Figure 3(a) shows the schematic of the nonlinear measurement setup and a schematic of the sample at top left. A 532 nm pump beam of 10 Hz repetition rate and 22 ps pulse width (Ekspla PL2241A) was used to generate a tunable p-polarized beam of 1200-1850 nm through a travelling wave parametric optical generator (Ekspla PG501). A longpass filter was used to remove the pump beam. A 10 nm gold substrate was used to split the beam to two portions, 40% of the beam was directed into a laser energy meter (Field MaxII-Top, Coherent) and 60% was focused onto the sample (the accurate percentage of the transmitted and reflected beam was measured for each wavelength separately). The source beam was aligned off-center of a 50 × microscope objective (0.85 NA, Melles Griot), focusing onto the sample, with the angle of incidence covering 45-58°. The spot size was estimated to be 30 ± 8 µm 2 ; therefore, there were approximately 9 ± 3 nanoparticles on average measured at a time. The scattered beam was directed to the same visible and near-IR spectrometers that used in the linear measurement. While it was possible to observe SHG, three photon photoluminescence and THG (as shown in Fig. 3(b) ), at each wavelength and for each location on the sample, the setup was adjusted to maximize the THG signal (also shown in Fig. 3(b) ). Optimizing the setup was done by adjusting the distance of the microscope objective from the sample and using the near-IR and visible spectrometers. The energy of the incident beam was set to be between 14 and 35 µJ per pulse at the sample spot, depending on the strength of the THG signal. In setting the energy of the incident beam for each wavelength, special care was taken to avoid damaging the sample. The fundamental signals were collected at the near-IR spectrometer with 500 ms acquisition time, averaged 5 times (shown in Fig. 3(c) ). The corresponding THG signals were collected on the visible spectrometer CCD, with the same adjustment. Figure 3(d) shows the power-law dependence of THG signal characterized for one spot on the sample with varying the incident powers and noting the changes in the THG, giving a slope of 3.2 ± 0.2 on a log-log plot, which is close to the expected value of 3 for THG. 
Results and discussion
Figure 4(a) shows the THG response as a function of wavelength. The counts per pulse have been normalized to the pulse energy cubed and calibrated using a black-body source of known temperature (LS1, Ocean Optics). For each wavelength, the standard deviation indicated by the error bar was obtained from measurements at several different locations on two separate samples. The THG response of both samples showed the same response as a function of wavelength. The greater standard deviation around the peak is expected due to the third power dependence of THG on the local field intensity. The THG shows peaks in the range of 470 nm to 550 nm. There are also smaller peaks (at 413 nm, 433 nm and 600 nm), which may also contain contributions from the interband transitions. The average value of the largest peak is 35 × larger than the smallest value over the range. This is a considerable enhancement since we are probing the nearly instantaneous nonlinear response resulting in THG signal. However, the non-instantaneous nonlinear responses can result in three-four orders of magnitude enhancement in χ (3) but not THG signal [29, 44, 45] . Also, it should be mentioned that nonlinear measurements of bare gold film, without nanoparticles, did not show THG signal, even for much higher incident energies. Using the nanoparticles-over-film system allows for picosecond excitation and efficient generation without damaging the sample since there is not broad area heating. To understand this discrepancy, we applied a simple theory to model wavelength dependence χ (3) of gold using the linear susceptibility χ 
